The effect of Mn substitution, acting as a magnetic impurity for Fe, on the Dirac cone was investigated in Ba(Fe1−xMnxAs)2. Both magnetoresistance and Hall resistivity studies clearly indicate that the cyclotron effective mass (m * ) of the Dirac cone is anomalously enhanced at low temperatures by the impurity, although its evolution as a function of carrier number proceeds in a conventional manner at higher temperatures. Kondo-like band renormalization induced by the magnetic impurity scattering is suggested as the most plausible explanation for this, and the anomalous mass enhancement of the Dirac fermions is discussed.
I. INTRODUCTION
The Dirac cone is a new paradigm in condensed matter physics, which has been identified so far in a variety of materials including graphene [1] , topological insulators (TIs) [2] and organic conductors [3] . It has been noted that the conduction electrons in these Dirac cone system are characterized by especially long relaxation times. More recently Dirac cone states have been found in the parent materials of iron pnictide superconductors [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Theoretical calculations for the Fe 3d-multiband system predict different pseudospin vorticities originating from the uneven contribution of the Fe-3d orbitals to electron-and hole-pockets in the paramagnetic semimetal state [5] . At low temperatures (T s), a spin density wave (SDW) gap develops via the nesting between these electron-and hole-pockets, leading vorticity compensation between the pockets [5, 6] and giving rise to a Dirac cone at the node of the SDW gap. In contrast with other Dirac cone materials, density functional theory (DFT) calculations for these complex d-multiband iron pnictides indicate that the Dirac pockets are threedimensional [14] . Accordingly, a systematic studies of the Dirac cone in this complex d-multiband material presents an opportunity to study a system of highly intriguing multibody interactions ( Fig. 1 (a) ).
In Ba(FeAs) 2 , linear magnetoresistance (LMR) was reported as a consequence of the quantum limit of the Dirac cone [15] . This is typical for the Dirac cone as a result of its characteristic Landau level splitting, although it cannot be observed in a two-dimensional systems such as graphene as it is disrupted by quantum Hall oscillations [1] . The coexistence of a Dirac cone and high tempera-ture superconductivity has been suggested a child compound of Ba(FeAs) 2 , Ba(Fe 1−x Ru x As) 2 [16] . The Dirac cone in Ba(FeAs) 2 is robust for both nonmagnetic and magnetic impurities, since the Dirac cones in iron pnictide's complex d-multiband system have the same pseudospin chirality [6] . Ba(Fe 1−x Ru x As) 2 specifically showcases this resistance to nonmagnetic substitution impurities. Under Ru substitution, isoelectronic to the Fe-3d state, the robustness of the Dirac cone leads to a suppression of backward scattering [17] . Since the Dirac cones in iron pnictides originate from the pseudospin vorticities, they should also be resistant to magnetic impurities [6] , in contrast with topological insulators such as Bi 2 Se 3 where the Dirac cone is disrupted by the breaking of time reversal symmetry [18] . This unique resilience of the Dirac states in iron pnictides provides an attractive platform to study massless Dirac fermions, the Kondo effect [19] , and the Rudermann-Kittel-Kasuya-Yoshida (RKKY) interaction [20] in a correlated d-electron system, through the doping of magnetic impurities.
Here, we report on the effect of Mn substitution on the Dirac cone in Ba(Fe 1−x Mn x As) 2 . Nuclear magnetic resonance in Ba(Fe 1−x Mn x As) 2 has shown that Mn substitution does not introduce any carrier doping but in- stead produces local magnetic moments [21] . Therefore, we regard Mn as a magnetic impurity for the Fe site in Ba(FeAs) 2 . This compound has a complex d-multiband system, including both the Dirac cone and parabolic carrier pockets as shown in Fig. 1 (a) . To measure the electrical transport, single crystals of Ba(Fe 1−x Mn x As) 2 were first grown, and then quenched from around 1323 K during a rapid cooling process. This introduces a lattice strain into the crystal structure. The samples obtained by such a procedure highlight the Dirac cone relative to the parabolic pockets, since the former is experimentally less sensitive to lattice distortion, while in the latter the relaxation times of the electrons are greatly decreased [17] . We will show that although LMR is observed for Ba(Fe 1−x Mn x As) 2 , the temperature dependence of the onset magnetic field for LMR (B * ) departs significantly from the trend typically expected due to the Landau Level (LL) splitting of Dirac cones at low temperatures [16] . At 2 K both the inverse of the carrier mobility (1/µ) and the cyclotron effective mass (m * ) of the Dirac cone no longer obey the square root of the carrier number, instead exhibiting an unusual enhancement of m * . This anomalous LMR behavior in Ba(Fe 1−x Mn x As) 2 will be described in detail, and discussed in terms of the Kondo effect between Dirac fermions and the local magnetic spins of the Mn impurities.
II. EXPERIMENT
Single crystals of Ba(Fe 1−x Mn x As) 2 were grown by the flux method using FeAs [22] . The quality of the single crystals was gauged by synchrotron X-ray diffraction, using the BL02B2 beam line at SPring-8. Electric resistivity (ρ) was also measured to confirm the quality of the samples. The Mn concentration x for Ba(Fe 1−x Mn x As) 2 was determined based on the SDW transition temperature (T N ), which has been measured previously for various values of x in Ba(Fe 1−x Mn x As) 2 [22] (Table I ). Further details of the characterization process for Ba(Fe 1−x Mn x As) 2 are described in the appendix. The dependence of both in-plane transverse magnetoresistance (R M ) and Hall resistivity (ρ yx ) on B were measured using a four-probe method for B ≤ 17.5 T at various temperatures between 2 and 300 K. Although R M decreases with increasing x, R M /dB develops linearly against B, saturating above the crossover magnetic field (B * ). Furthermore, we note that B * increases with increasing x.
Figure 3 (a) shows the B dependence of ρ yx for x = 0 -0.035 at 2 K. While non-linear ρ yx behavior can be observed in the high B regime, ρ yx develops linearly against B in the low B regime. For larger values of x, the gradient of ρ yx under low B increases, positive for the x = 0.035 sample. This can be understood easily as an increase in hole mobility with increasing x in the low B regime, as expected within the framework of a semiclassical approximation [24] . In Figure 3 carrier system in the low-B limit [24] . For x = 0.028, ρ yx deviates from its linear behavior at a lower value of B than dR M /dB. This may originate from the strong compensation between holes and electrons at low field strength, resulting in the sign change in ρ yx . It is noted that such compensation between electrons and holes does not induce a sign change in R M , but does lead to a deviation from the ideal quadratic R M relationship. While both dR M /dB and ρ yx are affected by scattering in the low-B regime, dR M /dB is less sensitive to it, resulting in a wider B-linear regime in dR M /dB than in ρ yx .
B. Analysis of the linear magnetoresistance; Quantum limit of Dirac cone
Linear magnetoresistance was observed above B * in the SDW ordering state of Ba(Fe 1−x Mn x As) 2 for x = 0 -0.035. Generally, quantized cyclotron motion of electrons generates Landau level (LL) splitting, with all carriers occupying the 0th LL in the high field limit. Under such a quantum limit, LMR is theoretically predicted for Dirac cone linear dispersion [23] , and has been experimentally confirmed in Ba(FeAs) 2 [15] .
The formulas for the energy splitting ∆ LL , the cyclotron mass m * , and B * are shown as below [1, 15, 23] :
The energy splitting between the 0th and the 1st LL's of the Dirac cone is described by Eq.1 [23] , where E F and v F are the Fermi energy and the Fermi velocity of the Dirac cone. At the quantum limit, the splitting between 0th and 1st LL's (∆ LL ) becomes larger than E F . The crossover magnetic field B * , where the magnetoresistance changes from semiclassical to quantum behavior, is described in Eq. 2 [15] . This characteristic condition for LMR gives direct evidence for the quantum limit of the Dirac cone. Figure 2 (c) shows the T dependence of √ B * for x = 0 -0.035. The curves for x = 0 -0.035 are fitted by Eq. 2 at temperatures above 15 K and were shown as solid lines in Fig. 2(c) . For x = 0 -0.016, √ B * develops linearly with increasing T , and shows good agreement with Eq. 2. This is consistent with the picture of the quantum limit of the Dirac cone. Although √ B * agrees with Eq. 2 for x = 0.028 and 0.035 above 15 K, √ B * exhibits a sudden and large increase below 15 K, deviating from Eq. 2 at low temperatures. Since the gradient of √ B * was determined by E F and v F , this low T deviation is tied to a change in E F and v F within the framework of Eq. 2. Figure 2 
C. Estimation of carrier mobilities; two-carrier-type semiclassical model
It was found that LMR for x = 0 -0.035 is consistent with the quantum limit of the Dirac cone. Mn substitution was found to increase the carrier number of the Dirac cone, but v F remained nearly constant. It therefore appears that although the Mn substitution changed the energy level of the Dirac neutral point, it did not change the total carrier number due to the compensation between the parabolic bands and the Dirac cones. We conclude from this that the linear dispersion of Dirac cone is not disturbed by Mn substitution. On the other hand, √ B * showed an immediate increase below 15 K for x = 0.028 and 0.035. This suggests that E F increases and v F decreases below 15 K. For the Dirac cone, the cyclotron effective mass (m * ) can be calculated using Eq. 3 [1] . Because m * is described by these two parameters, the increase in B * may indicate a decrease in mobility (µ) as described by Eqs.(2) and (3). In order to confirm the above scenario, we estimated the mobility based on a two-carrier-type semiclassical approximation in the low B limit [24] . At this limit, the zero-field resistivity (ρ), R M and ρ yx are given by:
where n e and n h are the carrier number of holes and electrons, and µ e and µ h are their mobilities. In order to estimate these four transport parameters using the above three equations, one additional constraint is necessary. It was reported by angle-resolved photo emission spectroscopy (ARPES) that the Luttinger volumes of both electron and hole Fermi surfaces are comparable to each other in Ba(FeAs) 2 [25] and that the Mn substitution does not result in additional carriers [21] . Therefore, we can approximate the system as a semimetal, that is, n e = n h . We then systematically solve ρ, R M and ρ yx using Eqs. (1) - (3), where R M and ρ yx are quadratic and linear against B, respectively. For Ba(FeAs) 2 , it has been theorized that the Fermi surface under the SDW ordered state is composed of four pockets [14] . If this is the case, the transport parameters in each pocket of the four carrier system can be merged into n e , n h , µ e , and µ h within a two carrier model [17] . We thus use the averaged mobility (µ ave = (µ e + µ h )/2) to evaluate the dependence of mobility on the carrier number of the Dirac cones. Figure 3 (g) shows the carrier mobility µ ave estimated in this way. Below T * , µ ave continuously increased with decreasing T for x = 0 -0.016. It is noted that µ ave for x = 0.028 and 0.035 saturate around 10 K, before decreasing at lower T s.
IV. DISCUSSION
The decrease in µ ave below 10 K for x = 0.028 and 0.035 is qualitatively consistent with the T dependence of B * described by the Abrikosov model [23] . It was reported that artificial defects act as local magnetic impurities in graphene, leading to the Kondo behavior [26] . Iron pnictides may exhibit a similar behavior, since mag-netic impurity scattering does not break the Dirac cone states due to the pseudospin chiral symmetry [6] . As such, one might propose that the Kondo effect emerges between the Dirac fermions and the localized 3d-electron spins arising from the Mn impurities. In fact, previous studies have recently reported the Kondo effect in iron pnictides, supporting the realisity of the present assumption [27, 28] . In order to search for the behaviors which characterize the Kondo effect, we studied the T dependence of ρ (normalized as ρ/ρ 300K ) for x = 0.007 -0.035, as shown in Fig. 4(a) . Under the SDW states where the Dirac cone forms, the normalized resistivity (ρ/ρ 300K ) shows a local minima (ρ m ) before increasing again when T is lowered further [22] . Similar data was published by Thaler et al. [22] , but their discussion focused mainly on the differences between Mn-and Co-substitutions from the viewpoint of supercoductivity. In order to study the behavior of ρ/ρ 300K at low T , we plotted ∆ρ ((ρ -ρ m )/ρ 300K ) below temperature of the local minima ρ m in Fig. 4 (b) . Intriguingly, ∆ρ increases logarithmically as T decreases, saturating in the low T limit. This behavior is consistent with the picture of the Kondo effect for a system consisting of dilute magnetic impurities and conduction electrons. Moreover, the T dependence of the magnetic susceptibility (χ) for x = 0.035 deviates from the Curie-law below 30 K as shown in the inset of Fig. 4 (b) and shoes saturation at low-T . This is consistent with quasiparticle mass enhancement via the Kondo effect.
In a Kondo system with conduction electrons and localized electrons (S = 1/2), the Kondo singlet forms as the ground state, leading to an increase in m * [29] . Since the present B * was directly tied to the quantum behavior of the Dirac cone, and µ ave is likewise influenced by the Dirac cone in the rapidly quenched Ba(FeAs) 2 series [17] , the present observations, showing that B * increases and µ ave decreases, can be associated with a Kondo-like mass enhancement of the Dirac fermions in Ba(Fe 1−x Mn x As) 2 under the Abrikosov model [23] (Fig. 1(b) ). Recently, in order to explain LMR in iron pnictides, Koshelev theoretically investigated the realization of LMR under the nodal-SDW state [30] . In his theory, Koshelev notes out that B * is proportional to both the SDW gap and the inverse of the quasiparticle scattering rate, resulting in a nonmonotonic T dependence of B * . However, √ B * ∝T has been experimentally confirmed in Ba(FeAs) 2 systems within a wide T range [15, 16] , which is likewise consistent with LMR in the Dirac cone [23] . In the present work we also observe an increase in B * in the ∆ρ saturation region below 10 K for x = 0.028 and 0.035 samples, in disagreement with the model proposed by Koshelev. It should be noted that the Kondo temperature may be high (∼ 20 -30 K) considering the T dependence of ∆ρ shown in Fig.4(b) , while the Kondo screening can be efficiently suppressed by the Fe 3d electron ordering in iron pnictides [31] . Since an anomolously high Kondo temperature (∼ 100 K) has also been reported in graphene [26] , the nature of the Kondo effect between the Dirac fermions and the localized 3d electrons of Mn provides an interesting point for scientific debate.
In order to evaluate the enhancement of m * for the Dirac fermions in greater detail, 1/µ ave was plotted versus the square root of the Dirac cone carrier number ( √ n D ), as shown in Fig. 4(c) . Given that n D could not vary below T * it was estimated using Eq.3, from the values of E F and v F shown in Fig. 2(d) . For comparison, the dependence of √ n D on 1/µ ave is also shown for Ba(Fe 1−x Ru x As) 2 . We can easily recognize a remarkable contrast between the linear evolution of 1/µ ave observed for Ba(Fe 1−x Ru x As) 2 and the positive deviation seen in Ba(Fe 1−x Mn x As) 2 . The former has been consistently explained in terms of the dependence of m * on n D in the Dirac cone [1, 17] . Given the invariant n D of the Dirac cone for Ba(Fe 1−x Mn x As) 2 , m * at the lowest temperature of 2 K was evaluated using Eqs.2 and 3. Fig. 2(d) [17] . Considering the above discussion, the emergence of the Kondo effect, via band renormalization due to interaction between the localized 3d electrons of Mn and the itinerant Dirac electrons, appears to be a plausible and reasonable interpretation.
V. CONCLUSION
We studied the effect magnetic impurities on the Dirac cone in Ba(Fe 1−x Mn x As) 2 using rapidly quenched single crystals. Linear magnetoresistance as a consequence of the quantum limit of the Dirac cone, characterized under the SDW transition states, was demonstrated above the crossover magnetic field (B * ). For x = 0.028 and 0.035, both anomalous enhancement of B * and a large decrease in the average mobility (µ ave ) were observed at low temperatures. The inverse of µ ave (1/µ ave ) and the estimated cyclotron effective mass (m * ) showed positive deviations from the conventional dependence of m * on the carrier number in the Dirac cones. A logarithmic increase in electrical resistivity with decreasing temperature, as well as its saturation at further low temperatures, was observed consistent with the the Kondo effect. We concluded that the Kondo effect occurs between Dirac fermions and Mn 3d localized electrons, leading to an anomalous mass enhancement of the Dirac fermions in Ba(Fe 1−x Mn x As) 2 . In order to evaluate the quality of Ba(Fe 1−x Mn x As) 2 single crystals, synchrotron powder x-ray diffraction (XRD) measurements were performed at SPring-8 beam line BL02B2, using radiation of wave length λ = 0.5Å. Diffraction patterns were checked for ground single crystals from each batch. Figure 5 shows refined powder XRD patterns for the Ba(Fe 1−x Mn x As) 2 samples of com- position x = 0.007 -0.035. Rietveld refinement was performed using General Structure Analysis System (GSAS) with a graphical user interface (EXPGUI) [32, 33] . The red curves and pink marker lines indicate the Rietveld fit and the Bragg peak positions of Ba(FeAs) 2 , respectively. The blue curves show the difference between the Rietveld fit and the observed intensities. No detectable impurity phases were found in these compounds, and the diffraction patterns showed good agreement with the results of Rietveld refinement, indicating good quality of our single crystals. The lattice constants obtained from the Rietveld refinement are shown in table I. With increasing nominal Mn concentration, both a-and c-axis lattice constants increased, consistent with the previous report [22] . This indicated that the Mn concentration of the Ba(Fe 1−x Mn x As) 2 single crystals produced continuously increased by increasing the nominal Mn concentration.
2. Temperature dependence of electrical resistivity Figure 6 shows the temperature dependence of first derivative of ρ/ρ 300K , (d(ρ/ρ 300K )/dT ). d(ρ/ρ 300K )/dT versus T exhibits abrupt anomalies, which can be attributed to the structure/spin-density-wave (SDW) transition for all samples [34] . The structure/SDW transition temperatures (T N ) were extracted based on the anomaly positions, and are displayed in table I. T N decreases with increasing nominal Mn-concentration x nom . The Mnconcentration x for the present Ba(Fe 1−x Mn x As) 2 single crystals were determined using the x dependence of T N reported by Thaler et al. [22] as shown in table I. It is noted that ρ/ρ 300K as shown in Fig. 4 (a) is smaller for x = 0.016 than for x = 0.007, while ρ/ρ 300K continuously increases with increasing x in the previous report [22] . Since the lattice constant, T N , magnetic field (B)
dependence of magnetoresistance (R M ) and Hall resistivity (ρ yx ), continuously increase with x in the present experiment, the source of the unusual change observed for ρ/ρ 300K at x = 0.016 is unclear.
